Within the framework of an international project on the sequencing of the whole Bacillus subtilis genome, a 15 kb chromosome segment, which contains the iol operon involved in inositol utilization, has been cloned and sequenced. This region (14974 bp) contains 12 complete open reading frames (ORFs; genes) and two partial ones; the seventh gene (E83G) is the idh gene encoding inositol dehydrogenase. All the genes identified are transcribed in the same direction as that of the movement of the replication fork. A homology search for their products deduced from the 12 complete ORFs revealed that eight of them exhibit significant homology to known proteins such as fructokinase, acetolactate synthase, fructose-1,6-bisphosphate aldolase (B. subtilis), and PhoB and FtsE proteins (Escherichia coli). It also implied that two genes (B65D and B65E) might encode a set of two-component regulatory proteins and that the B65F gene might encode a protein belonging to the ATP-binding cassette (ABC) family. Based on the features of the nucleotide sequence determined and the results of the homology search, the primary structure of the iol operon is predicted.
INTRODUCTION
sequencing project is an international cooperative effort between Japan and Europe, the aim of which is to Reccnt developments of new techniques for D N A complete the entire sequence within the next five years. sequencing and analysis, including improvement of D N A We are participating in this project, and are responsible sequencers and microcomputer software, allows us to for the sequencing of an approximately 180 kb chromosequence the whole genome of an organism. But even somal region between s a d (333") andgnt (344"), in which now, a vast amount of work is required to determine the the iol operon involved in my-inositol utilization is entire nucleotide sequence of a relatively small bacterial located (Fujita & Fujita, 1983) . genome, so it is important to develop a productive and systematic strategy. The systematic sequencing of a small genc )me will provide much productive information and alloLv the technical developments required to determine the entire sequence of the large genomes of higher eu h i r ' -0 t es . shown, in which the idh gene and the insert of plasmid pNEXT40 (Itaya & Tanaka, 1991) are located. This map was constructed by connecting the physical maps of the inserts of the three A DASH II clones, which were obtained as Strain 1A1, strains P2392, XL1-Blue and 3, DASH 11, and h113mp19 were obtained from the Bacillzls Genetic Stock Center (Ohio) via M. Itaya (Mitsubishi Kasei Institute of Life Sciences, T o k y o ) , Stratagene (La Jolla), and Takara Shuzo (Kyoto), respectively. Plasmids ~1 0 1~0 2 and pNEXT40 were used for preparation of D N A probes for hybridization. pIOL02 carries the idh gene (Fujita e t al., 1991) . pNEXT40 is one of the Not1 linking clones located at 4082 kb on the B. subtilis chromosome (Itaya & lanaka, 1991) ; it was supplied by M. Itaya.
NZY broth [5 g NaCl 1-', 2 g MgSO,. H,O l-l, 5 g yeast extract 1-I and 10 g N Z amine (Wako, Osaka) 1-l; pH 7.51 and L-broth (10 g tryptone l-', 5 g yeast extract 1-' and 5 g NaCl 1-') were used for growth of the E. coli strains to propagate il DASH I1
and M13mpl9 phage clones, respectively. ~-ligation mixture was incubated with an in vitro packaging mixture (GIGAPACK I1 XL, Stratagene), and the resulting phage particles were propagated on strain P2392 for Spi/P2 selection. Nineteen thousand independent phage clones, from several packaging experiments, were amplified by plaque formation to yield a B. szlbtilis genomic library (2.5 x lo7 p.f.u.
ml-l).
Isolation of 1 DASH II clones containing a DNA insert carrying the iol locus and construction of a physical map of the DNA inserts. Using an aliquot of the B. szlbtilis genomic library, approximately 12000 plaques were formed in total and subjected to plaque hybridization (Benton & Davis, 1977) with an appropriate DNA fragment as probe. EcoRI digests of phage DNA prepared from positive recombinant clones were subjected to agarose gel electrophoresis and Southern hybridization (Southern, 1975) to confirm that the DNA inserts actually carried the iol locus. A physical map of the region cloned in i DASH I1 was constructed according to the method described by Kohara et al. (1987) , as follows. Recombinant phage DNA was partially digested with EcoRI, HindIII, SaD, BamHI or NotI, and subjected to gel electrophoresis using 0.4 '/o (w/v) agarose (0.7 V cm-', 40 h), and Southern hybridization using the 9 kb arm of I DASH I1 as probe. Control System PC-700 (Astec, Fukuoka), and purified by precipitation with polyethylene glycol. The reaction products were applied to and sequenced with a DNA sequencer (373A, Applied Biosystems). Sequences determined randomly were compiled and automatically connected using a personal computer with the GENETYX-MAC 6.0.1 and GENETYX-MAC/ATSQ progr:inis (Software Development Co., Tokyo), respectively ; to sequence a 10 kb fragment as a target, for example, 150 independent sequences on average were needed to form several islands of connected sequences. The insert DNAs of M13 recombinant clones located at the extremities of each of these islands were sequenced with an anti-sense primer (M13 Reverse Dye Primer, Applied Biosystems). Sequences newly and previously determined were all automatically connected to shorten the gaps between the islands. The islands were physically aligned on a constructed physical map of the target D N A fragment by Southern hybridization using the DNA inserts belonging to different islands as probes. The gap regions neigl-ibouring islands were amplified by PCR, using B. stlbtilis chromosomal DNA as a template, and synthetic primer pairs each consisting of an approximately 20 base sequence complementary to one of the extremities of a neighbouring island and the same nucleotide sequence as one of each set of different dyeprimers (18-20 bases). New sequences were obtained using the PCR products as templates, which were automatically connected with all those previously determined. The last process was repeated until sequencing of the target fragment was completed.
Computer analysis. 13310  13320  13330  13340  13350  13360  13370  13380 13390 13400 to 11 129 and 12906 to 12938 nt) are indicated by underlining; one might be a transcription terminator for the putative iol operon, which is located downstream of the B65C gene, and the other might be that for the B65D and B65E genes comprising the two-component regulatory system, which is located between the B65E and B65F genes. The two aspartate (D) and one lysine (K) residues boxed in the aa sequence of the B65D protein are those highly conserved in most response regulators of the two-component regulatory systems of bacteria (Stock et a/., 1989) . The boxed residues in the aa sequence of the B65E protein are the highly-conserved residues among histidine protein kinases of the two-component regulatory systems (Stock et a/., 1989) . In the aa sequence of the B65F protein, the residues in the ATP-binding domain are boxed and labelled as the 'ATP-binding cassette' (Higgins et a/., 1990) ; those of another conserved region are boxed and labelled as the 'Transmitter', proposed to be involved in the transmission of an ATP-dependent conformational change to the membrane-associated sites (Gill et a/., 1986) .
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gene J \ located within the 30N fragment between 4029 and 4082 kb (M. Itaya, personal communication) . The locations of the 2.65 kb HindIII fragment and the HindIII insert in plasmid pNEXT4O were determined by analysing their Southern hybridization patterns using restriction enzyme fragments of the inserts of these recombinant clones (data not shown). With reference to the physical map o f the B. szlbtilis chromosome (Itaya & Tanaka, 1991) , these results clearly indicate that the direction of oriC is trom the idb gene to this Not1 site, as shown for the direction ofgnt, sacs and the movement of the replication fork (Fig. 1) .
The nucleotide sequence of the 1.6 kb region containing the idb gene has been reported previously (Fujita e t al., 1991) . To extend the sequences of the adjacent regions to the idb gene, an 8.3 kb EcoRI fragment (E83) of the EM1 1 clone and a 6.5 kb BamHI fragment (B65) of the EM14 clone (Fig. l) , which are located upstream and downstream of the idb gene, respectively, were isolated and sequenced systematically. Connection of the nucleotide sequences of the 8.3 kb and 6.5 kb fragments newly determined and the 1.6 kb region resulted in a 14974 bp nucleotide sequence for the region containing the idb gene. Analysis of the 14974 bp sequence revealed 12 complete open reading frames (ORFs ; genes) [E83B, E83C, E83D, E83E, E83F, E83G (idb) , B65A, B65B, B65C, B65D, B65E and B65F] and two partial ones I<. J'OSHIDA a n d O T H E R S (E83A and B65G) (Fig. 1) . The endpoints of these gene';
in the sequence and their features, such as the molecular size and the putative SD sequence and initiation codon, are shown in Table 1 Eleven out of the 13 genes, except the first partial ORF-E83A, were predicted to use ATG as initiation codon, though the E83D and B65D genes might use T T G , suggesting that the genes in the iol region might utilize ATG more preferentially than those in other region,; (personal communications from other Japanese g r o u p participating in the B. subtilis genomic sequencing project;
Glaser e t al., 1993). More interesting is that the direction of the transcription of all these genes is the same as that of the movement of the replication fork. This is ofteri observed in regions located relatively close to the chromosome origin like the iol region (Zeigler & Dean, 1990 ; Glaser e t al., 1993) .
Functions of the newly identified genes
Among the putative gene products encoded by the 12 complete ORFs, only the product of the E83G gene was previously identified as the idb gene encoding inositol dehydrogenase (Fujita et al., 1991) . (idh), which was identified as inositol dehydrogenase of B.
~xbtilis (Fujita e t al., 1991) , showed high homology to the Strl protein of Streptomyesgriseus, which was predicted to catalyse one of the numerous steps dependent on dehydrogenases or epimerases in the biosynthesis of hexosederived moieties of streptomycin (Mansouri & Piepersberg, 1991 (Makino etal., 1986) , and the OmpR protein of E. coli (Comeau e t al., 1985) . When the sequence of this protein was aligned with those of these proteins, two aspartate residues and a lysine residue highly conserved in most response regulators were found in it, as shown in Fig. 2 (Arico e t al., 1989) . Alignment of the sequence of this protein with those of these histidine protein kinases revealed histidine residues in B65E which might be phosphorylated and aa residues conserved in these histidine kinases (Fig. 2) . Interestingly, the B65D gene is adjacent to B65E, so their gene products very likely constitute a set of the two-component regulatory system (a response regulator protein and its histidine protein kinase). The function of this set remains to be determined.
The B65F protein showed very high homology to many proteins belonging to the ABC family (Higgins e t al., l990), such as the ABC protein of E. coli, the sulfate permease of S'necbococcus sp. and the FtsE protein of E.
coli (Gill e t al., 1986) , suggesting that it might function as an ATP-dependent transporter for an unidentified substrate. A domain of the B65F protein for the ATP-binding cassette was predicted by alignment of the sequence of this protein with those of transporter proteins belonging to the ABC family, as shown in Fig. 2 (Higgins e t al., 1990) . Fig. 2 also shows another conserved domain of this family of proteins, which was recently proposed to be involved in transmission of an ATP-dependent conformational change to membrane-associated sites (Gibbs et a/., 1992 To identify the genes of the iol operon, we first searched for promoter-like sequences recognized by the major oA factor of B. szlbtilis using a personal computer, and found in the 14974 bp sequence a plausible promoter-like sequence only immediately upstream of the E8?D gene, the ' -35 ' and ' -10' regions of which are shown in Fig.  2 . We also looked for a p-independent terminator which might be located downstream of the E83G (idh) gene encoding inositol dehydrogenase, and found a terminatorlike palindromic sequence followed by a stretch of T residues downstream of the B65C gene, the location of which is shown in Fig. 2 
